The deodorizing effect of the mushroom ( Agaricus bisporus ) extract on the malodor produced after garlic consumption was investigated using an electronic sensor and sensory evaluation measurements. Comparative gas chromatography analysis revealed that the quantity of methane-and allylthiols that were usually found after garlic solution rinse, significantly fell after mushroom extract rinsing. Furthermore, in-vitro analysis (mixing the garlic solution and mushroom extract) showed that the methanethiol reaction with the mushroom extract proceeded faster than that of the allylthiol. Ab initio calculations implicated an addition reaction as the possible mechanism between the thiol compounds and the polyphenols. In comparison to the methanethiol, the higher activation energy required by allylthiol for a feasible reaction path way with the model acceptor, o -quinone, is expected to contribute to the difference in the rate of the reaction. Key Words deodorization, volatile sulphur compounds, mushroom extract, electronic sensor and GC analysis, ab initio calculations Halitosis is a common health problem that can affect one's social interactions. Oral malodor originating from the oral cavity is the major cause of halitosis ( 1 ). For instance, although garlic is a food additive preferred by many Japanese people for its unique flavor and nutritious bioactive components with antioxidant properties, it is one of the causes for the oral malodor. Allicin in the garlic clove leads to the production of volatile sulphur compounds (VSCs) such as methanethiol, allylthiol, allyl methyl sulphide, and allyl disulphide in small amounts ( 2-5 ). While the various compounds, such as hydrogen sulphide, methanethiol, dimethyl sulphide, ndodecanol, n -tetradecanol, phenol, indole, diphenylamine, pyridine and others, are the causes of oral malodor ( 6 , 7 ), malodor is mainly attributed to the volatile sulphur compounds (VSCs), such as hydrogen sulphide, methanethiol and dimethyl sulphide. Studies show that the bacteria inside the oral cavity metabolize the food constituents such as amino acids, and produce the VSCs that contribute to the unpleasant smell ( 8 ). The odor intensity is significantly associated with the amount of VSC level in the oral cavity ( 9 , 10 ).
Halitosis is a common health problem that can affect one's social interactions. Oral malodor originating from the oral cavity is the major cause of halitosis ( 1 ) . For instance, although garlic is a food additive preferred by many Japanese people for its unique flavor and nutritious bioactive components with antioxidant properties, it is one of the causes for the oral malodor. Allicin in the garlic clove leads to the production of volatile sulphur compounds (VSCs) such as methanethiol, allylthiol, allyl methyl sulphide, and allyl disulphide in small amounts (2) (3) (4) (5) . While the various compounds, such as hydrogen sulphide, methanethiol, dimethyl sulphide, ndodecanol, n -tetradecanol, phenol, indole, diphenylamine, pyridine and others, are the causes of oral malodor ( 6 , 7 ), malodor is mainly attributed to the volatile sulphur compounds (VSCs), such as hydrogen sulphide, methanethiol and dimethyl sulphide. Studies show that the bacteria inside the oral cavity metabolize the food constituents such as amino acids, and produce the VSCs that contribute to the unpleasant smell ( 8 ) . The odor intensity is significantly associated with the amount of VSC level in the oral cavity ( 9 , 10 ) .
Several commercial products (with flavors) that are now available to eliminate oral malodor only temporarily mask the oral malodor. Since VSCs are the major causes of the malodor, suppression in production of the VSCs is an effective strategy to prevent the oral malodor. Researchers have demonstrated that some plant extracts containing a lot of polyphenols and phenolic derivatives have efficient deodorizing activity against the malodor ( 11 , 12 ) . Tea catechins have been shown to have a significant effect on depressing methanethiol production ( 13 ) . A mushroom extract, also known to contain a large amount of polyphenolics, has been demonstrated to suppress the malodor from the mouth and the environment. In addition, its deodorization mechanism has been attributed to the polyphenol oxidase enzymatic reaction involving o -quinone derived from polyphenolic compounds and methanethiol ( 14 , 15 ) .
In the present study we monitored the oral malodor difference detected in the breath air of individual subjects after garlic and mushroom extract ingestion over time. To evaluate the odor-associated chemical compounds, and quantify the odor strength that decreases at rates depending on its reaction with polyphenols and natural dispersion, a combination of electronic sensor, sensory evaluation and gas chromatography (GC) analyses were employed. Although GC analysis can quantitatively measure the levels of the VSCs, the subjective organoleptic examination ( 16 ) is also necessary to evaluate the magnitude of the oral malodor directly. The emerging electronic sensor technology that is based on changes in resistance of multiple sensors due to interaction with volatile odorant molecules is a convenient procedure to quantify the magnitude of the odor, and has been applied for the evaluation of food product quality (17) (18) (19) . The combined pattern of resistance change from multiple sensors is processed and statistically analyzed by principal component analysis (PCA) to discriminate and identify the odor pattern. A combination of these three methods provided reproducible and accurate evaluation of the odor intensity and its E-mail: kaztamaki@hotmail.com associated compounds in human exhaled breath. Furthermore, we present the ab initio calculations that suggest an additional reaction mechanism between the thiol and the polyphenolic compounds. This mechanism successfully explains the degradation speed difference between methanethiol and allylthiol.
MATERIALS AND METHODS

Breath sampling
Subject: One subject (Japanese female, 24 y old) participated in measurement of the malodor strength for the single subject. Eight subjects (8 Japanese females, 18 y old) participated in measurement of the malodor strength for multiple subjects. Subjects were chosen on the basis of not having halitosis. They did not ingest food for 4 h prior to the study and avoided onions and garlic for 24 h before the study. All subjects signed a written consent form.
The preparation of the garlic solution: Commercially available raw garlic was diced and crushed by applying pressure with a spoon. The garlic solution was prepared by dissolving 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 g into 20 mL of distilled water.
The preparation of mushroom extract: Mushroom extract was prepared as follows; 400 g of mushrooms were added to 500 mL of boiling water. After boiling for 3 h, the extract was cooled, filtered and dried. Then 21% (w/w) aqueous solution of the mushroom extract was prepared as a stock solution. 0, 2, 5, 8 and 12 mL of stock solution was diluted with distilled water to make up 100 mL of each concentration of the mushroom extract solution.
Breath sampling: In experiment 1, the breath sample for the sensor analysis was collected as follows: Subject rinsed with each concentration of the garlic solution for 1 min. Breath samples were collected using commercially available plastic bags (Omi Odoair Service Co. Ltd., Tokyo Japan), which were polypropylene tubes (1.4 ϫ 8 cm) connected via stopcock. Subject breathed into the tube, and the tube was closed tightly. Before rinsing with the garlic solution, the subject's breath was also collected as a control. The collection process was repeated for 4 d.
In experiment 2, the same subject rinsed with each concentration of mushroom extract solution, after rinsing with 1 g of garlic in 20 mL of distilled water each time. On each occasion, breath samples were then collected using the above procedure after rinsing and 10 min later.
In experiment 3, the breath sample from the eight subjects was collected in the same manner before, after and at 10 min, but the subjects only rinsed with the concentration of 1 g of garlic in 20 mL of distilled water and 8 mL of 21% mushroom extract diluted with water to 100 mL.
In experiment 4, the breath samples of five subjects were collected in the same manner as above for the sensory evaluation before and after rinsing. The subject rinsed with the garlic solution (at a concentration of 0.06 g of garlic in 20 mL distilled water) and 100 mL of the mushroom extract solution (at a concentration of 2 mL of the 21% mushroom extract stock solution diluted to 100 mL with distilled water). The breath sample after rinsing with the garlic solution and water was also collected as a control.
In experiment 5, breath samples were collected from the same five subjects for the GC analysis by using Aoki's method ( 20 ) before, and at 10 min, 40 min, and 70 min. Each subject rinsed her mouth with 2.0 g of grated raw garlic dissolved into 20 mL of pure water and 200 mg of 21% mushroom extract stock solution dissolved in 50 mL of the distilled water. Exhaled air was collected, and submitted for the GC analysis.
GC analysis procedure for the thiol compounds change under in-vitro conditions. In experiment 6, measurement of the reaction rate between the thiol compound and mushroom extract was carried out under in-vitro conditions. The test solution for the GC analysis was prepared as follows.
Methanethiol (or allylthiol) 1 mg was dissolved in 1 mL benzene and it was prepared to 6 ppm (methanethiol) or 2 ppm (allylthiol) in a 125 mL vial. Six milliliters of the 21% mushroom extract stock solution was used as a mushroom extract solution. Each solution was mixed respectively and subjected to the GC analysis to measure the change in concentration over time for methanethiol or allylthiol. The control was also prepared by mixing the thiol solution with 6 mL pure water in a 125 mL of vial bottle and subjected to the GC analysis. Both the control and the test solution were adjusted to pH 7.2 with sodium hydroxide.
The following chemicals were used as an internal standard: methanethiol, dimethyl sulphide and dimethyl disulphide (Wako Pure Chemical Industries, Ltd., Osaka, Japan), allylthiol (Aldrich Chemical Co. Inc., USA), and allyl methyl sulphide (Tokyo Kasei Organic Chemicals, Tokyo, Japan) Sensory evaluation procedure. Twelve assessors participated in the study. After the assessors were trained to score the intensity of garlic odors at various concentrations, they were given one set of plastic bags filled with breath samples on a tray. They evaluated four sets of breath samples: (a) the breath sample before rinsing. (b) the breath sample after garlic solution rinsing. (c) the breath sample after the garlic solution and mushroom extract rinsing. (d) the breath sample after the garlic solution and water rinsing. The breath sample bags were coded with randomly generated three-digit codes and presented in random order. Assessors were instructed to rate the odor intensity of each breath sample in the order starting from the left, on the 5 point scale-0, no odor; 1, barely noticeable odor; 2, slight but clearly noticeable odor; 3, moderate odor; 4, strong odor; 5, extremely foul odor ( 21 ) . The assessors waited at least 1 min between stimuli, and each session lasted a total of 5-10 min.
Analytical condition
The sensor analysis: A Fox 4000 with ACU 500 humidifier was used. This instrument is equipped with 18 metal oxide sensors, inside three chambers. Each chamber contains six metal oxide sensors (p, flat-plate sensor; T, tubular sensor; SY, non doped tin oxide sensor, a temperature sensor and a relative humidity sensor). To provide a constant flux of vector gas (humidified synthetic air) through the electronic sensor, a humidifier (air conditioning unit, model 1997, Alpha-M.O.S.) was used. The analytical parameters (breath sample quantity, headspace generation time, temperature, flow rate, and injection time) were determined. Sensors were carefully monitored to make sure that they returned to the baseline during the preliminary trials, and the optimum time was found to be 5 min after the previous breath sample injection. The data collection time lasted 120 s. The carrier gas flow was set to 150 mL/min and the relative humidity was regulated at 20%.
Although the FOX electronic sensor is equipped with 18 sensors, only the results of a limited number of metal oxide sensors were chosen for the further analysis, after eliminating sensors with higher multi-colinarity by using stepwise regression analysis. SPSS version 11.0 was used to perform the data processing.
The GC analysis: Compounds were identified using GC and GC mass spectroscopy. The gas chromatography (Shimadzu GC, 14B) conditions were as follows: PPE 5 ring 10%, 3.2 mm ϫ 3.1 m glass column, temperature programmed from 65˚C for 3 min to 170˚C at 30˚C/ min. Detector, FPD (140˚C), carrier gas (N 2 55 mL/ min). GC-MS conditions were as follows: GC-MS (Shimadzu GC-MS QP 1000) with fused-silica capillary column (Supelco SPB-1), 0.32 mm ϫ 30 m glass, temperature programmed from 60˚C to 170˚C at 30˚C/min and held at 170˚C for 2 min. Carrier gas, He (2 mL/min) with a fused silica capillary column (Supelco, SPB-1) temperature maintained at 60˚C/min and 170˚C for 3 min. EI mode at 70 eV. Source temperature, 180˚C, GC-MS interface temperature, 250˚C.
RESULTS
Electronic sensor analysis
Experiment 1. In experiment 1, sensor sensitivity against the odor intensity after rinsing with different concentrations of the garlic solution was studied for a single subject.
Principal component analysis (PCA), which can reduce the complexity of the multiple datasets to a few dimensions, was used to evaluate the sensor data that is based on relative resistance changes (% ⌬ R/R) from the multiple metal oxide sensors. Data of 18 sets of sensors were reduced to those of 2 sensors by step-wise regression analysis. PCA was performed on the covariance matrix. Principal component score plot, PC 1 and 2 is shown in Fig. 1 . PC 1 and 2 were chosen for this representation since the importance of the two principal components was 98.92% and 0.61% and the first two principal components explained most of the variance among the breath samples. According to the great importance of PC1, the data distribution is nearly onedimensional. In Fig. 1 , breath samples formed two big clouds. The higher the garlic concentration, the more to the right of the axis the breath sample is located. Controls (breath samples before garlic rinsing) were grouped together more tightly on the left side of the xaxis. A breath sample, rinsing with a concentration of 0.5 g dissolved in 20 mL of distilled water, was measured as an outlier since the concentration was so small that the sensors could not detect it well. From the tendency of the PCA graph, it can be concluded that PC1 represents a concentration of VSC compounds in the breath samples.
To compare the breath samples' distance, a similarity index formula was used to measure the relative difference between the breath samples ( 22 ) . The similarity index is a compilation of all Euclidean distances between two samples. The greater the variation between samples is, the bigger the similarity index becomes. Although the similarity index does not show any statistical significance, by using Euclidean distances, it gives a scale with which it is easy to interpret the relative similarity between individual samples, taking into account the variances among samples. Ordinary Euclid distance was calculated on the raw data of the sensor response for each concentration.
Comparisons of similarity indices indicate that the all breath samples after garlic rinsing yielded obvious difference from its control. Breath samples with garlic concentration of 1.0 g in 20 mL distilled water yielded a similarity index of 5.5, which is much bigger than that for garlic concentration of 0.5 g in 20 mL distilled water and values became smaller as garlic concentration becomes higher from 2.0 g to 4.0 g.
These results suggest that odor intensity becomes larger as the garlic concentration increases but the intensity may reach a plateau as the VSC concentration in the mouth is saturated. From this result, garlic concentration was fixed at 1.0 g in 20 mL distilled water for the following experiments. Experiment 2. The deodorization effect of the mushroom extract with different concentrations was investigated for the same subject. The quantity of the garlic solution was fixed at 1.0 g in 20 mL distilled water, while mushroom extract concentrations were varied with 0, 2, 5, 8 and 12 mL of stock solution diluted with distilled water to make 100 mL of each test solution. PCA models were calculated and the plots are presented in Fig. 2 .
Again PC 1 and 2 were chosen for this representation since the importance of the two principal components was 86.43% and 10.82%. The PCA result clearly separated the breath samples into three different groups. Breath samples rinsed with the garlic solution were found at the far right side of the x -axis. On the other hand, the controls were grouped on the far left side of PC 1. The breath samples after rinsing with the garlic solution and mushroom extract were located around the y -axis through the zero origin. Thus, PC 1 can be also interpreted as representing the VSC concentrations in the breath samples.
From Fig. 2 , it is obvious that the VSC concentrations in the breath samples reached a peak after garlic rinsing and didn't decrease much after 10 min, but the VSC concentration for the breath sample after mushroom extract rinsing decreased drastically. No large difference of the deodorizing effect among various concentrations of mushroom extract was observed. Therefore, the concentration of 8 mL of the stock solution diluted with distilled water to make it to 100 mL aqueous solution was chosen for the following experiment for convenience. Experiment 3. Measurement was conducted to demonstrate the deodorant ability of mushroom extract for multiple subjects. Results of eight subjects are shown in Fig. 3 for breath samples collected before, after and at 10 min. PC 1 and 2 were chosen for this representation since the importance of the two principal components was 76.50% and 19.46%, which explained most of the variance among the breath samples. In this PCA map, breath samples can be sorted into three different clouds: The group in which samples were collected after garlic rinsing (G0), the group before the mushroom rinsing and after the garlic rinsing at 10 min (W2 and G10) and the group before the garlic rinsing, and after mushroom rinsing and at 10 min (W1, M0 and M10). Although the plot shows the mushroom extract's strong deodorizing effect toward multiple subjects, the fact that each subject within a group was not closely spaced in the PCA map suggests that there was considerable variance in the output of the sensor values as a result of the inherent variability of VSC quantities in each subject's breath. Thus, it is important to account for physiological difference of each subject and identify the outlier. T 2 charts (Figs. 4 and 5 ) provide a clear overview of the magnitude by which each subject deviated from the desired mean at the 5% level of confidence (23) (24) (25) . If variables do not exceed the desired mean, the T 2 control chart is in control, and the process is supposed to be set on a stable variability. The first control chart in Fig. 4 shows the data from eight subjects after rinsing with the garlic solution. T 2 value, which is conveniently labeled as an odor unit, accounts for deviations of each of the eight subjects' average. The upper control limit is represented by 2 , and a T 2 value higher than upper control limit shows the subject deviated from the target value. For ␣ ϭ 0.01, computed T 2 values of all eight subjects exceeded the control limit, while values at 10 min fell under the control limit. These results show that corresponding means of sensor outputs for the breath odor after garlic solution rinsing were significantly different from the means of the control, but the intensity level of the breath odor returned to the control level after 10 min ( T 2 Ͼ UCL). Figure 5 shows a T 2 chart at ␣ ϭ 0.01 breath samples before and immediately and at 10 min after rinsing with mushroom extract. Although there is one outlier, it is worth noting that the breath samples of the subjects who rinsed with mushroom extract fell under the desired limit, regardless of the collection time. Thus, by using a T 2 control chart, we could determine whether the majority of subjects fell under the desired criteria, allowing for individual variances and proved the strong deodorant effect of mushroom extract.
Sensory evaluation
Experiment 4. Breath samples of five subjects after rinsing with the garlic solution and mushroom extract were also analyzed by using sensory evaluation. ANOVA with LSD post testing compared the differences in increase of the intensity between the breath samples over time for different subjects. ANOVA [Four main factors: 3 treatments (without mushroom extract, with mushroom extract and water) ϫ 2 sampling times (before and after) ϫ 5 subjects ϫ 12 assessors] was used and their interactions were calculated. The result revealed significant effect among treatments, times, and assessors but no significant difference among subjects ( p Ͻ 0.001, p Ͻ 0.001, p Ͻ 0.001 and p Ͼ 0.05, Table 1 ).
The post hoc comparisons using LSD test was calculated to compare the difference among treatments. The result revealed that the breath odor after mushroom extract rinsing was rated as significantly weaker than the breath samples with water rinsing ( p Ͻ 0.001).
Since the main effect of "sampling time" was significant ( p Ͻ 0.001), it may lead us to speculate that there is no significant difference in odor intensity after mushroom extract rinsing. However, interaction between "time" ϫ "treatment" was also significant ( p Ͻ 0.001). By examining the average value of each subject after mushroom extract rinsing, it appears that the increase of the intensity score after mushroom extract rinsing is much smaller than that of without mushroom extract rinsing. This demonstrates that mushroom extract rins- Fig. 4 . T 2 chart of breath odor samples of eight subjects at ␣ ϭ 0.01, after rinsing with the garlic solution (1 g of garlic dissolved in 20 mL of distilled water) as obtained with instrument sensors. NBE S1-NBE S8: Breath samples of eight subjects collected before rinsing with the garlic solution. N0M S1-N0M S8: Breath samples of eight subjects collected after rinsing with the garlic solution. N10 S1-N10 S8: Breath samples of eight subjects collected at 10 min after rinsing with the garlic solution.
Fig. 5. T
2 chart of breath odor samples of eight subjects at ␣ ϭ 0.01, after rinsing with the garlic solution (one g of garlic dissolved in 20 mL of distilled water) and mushroom extract (8 mL of 21% stock solution diluted with distilled water to 100 mL) as obtained with instrument sensors. PBE S1-PBE S8: Breath samples of eight subjects collected before rinsing with the garlic solution and mushroom extract. P0M S1-P0M S8: Breath samples of eight subjects collected after rinsing with the garlic solution and mushroom extract. P10 S1-P10 S8: Breath samples of eight subjects collected at 10 min after rinsing with the garlic solution and mushroom extract.
ing could effectively suppress the intensity of the breath odor after the garlic solution rinsing.
Correlation between electronic sensor and sensory analysis data. The next problem is whether the result of sensors is correlated with that of the odor intensity derived from sensory measurements. The partial least squares (PLS) method determines the correlation between multiple breath samples of odor intensity scores from sensory evaluation and the output sensor values from instrument sensors ( 26 ) . If there is high correlation between the two outputs, sensor values can predict the odor intensity of unknown breath samples estimated by the appropriate correlation model. This figure shows that the sensor assessment accurately predicted the odor intensity scores of different odor breath samples as assessed by human evaluation. Scores are assessed on the scale of 1 to 5 Ϯ SE of the mean of five subjects. * p Ͻ 0.05: Significant difference of the odor intensity between the water rinsing condition and no rinsing condition by LSD. ** p Ͻ 0.001: Significant difference of the odor intensity between the mushroom extract rinsing and the water rinsing condition by LSD. Fig. 6 . PLS model derived from the results output value from instrument sensors for eight subjects versus the averaged intensity scores of 12 assessors from sensory evaluation. Fig. 7 . Gas chromatogram analysis of the expirations of the subjects assessed 10 min after ingesting garlic under without (left) or with rinsing mushroom extract (right) conditions. Analytical conditions are described in the text. Peak components were as follows: 1, methanethiol; 2, dimethyl sulphide; 3, allylthiol; 4, allyl methyl sulphide; 5, dimethyl disulphide.
GC analysis Experiment 5.
The GC analysis was conducted for the determination of change of the VSC concentration after mushroom extract rinsing in human breath by using Aoki's method ( 20 ) . The breath samples of five subjects without and with mushroom extract rinsing were analyzed. Typical gas chromatograms of breath samples of subjects after rinsing with garlic solution under without (left) or with mushroom extract rinsing (right) conditions are shown in Fig. 7 .
Five peaks were identified by GC-MS with the standard reagent, corresponding to methanethiol, dimethyl sulphide, allylthiol, allyl methyl sulphide and dimethyl disulphide, respectively (Fig. 7) . The molecular ion (M Values of five identified compounds for five subjects were analyzed by separate ANOVA (three factors: 2 treatmentsϫ3 collected timesϫ5 subjects) for each compound (Table 2) .
Although there was a physiological variation found among subjects (pϽ0.001), there is a significant reduction of the amount of methanethiol and allylthiol compounds after mushroom extract rinsing as indicated by a significant main effect of the treatment (pϽ0.01, pϽ0.05). In contrast, values of sulphide compounds showed no significant difference between with treatment and without treatment (pϾ0.05). The amount of the concentration of thiol and other sulphide compounds significantly decreased over time (pϽ0.001).
Since interaction between the rinsing condition and the time was also significant for thiol compounds (pϽ 0.001), subsequent analysis of time difference under each condition was conducted. Although the amount of the reduction of thiol compounds over time was significant under both conditions (pϽ0.01), more reduction of the concentration over time was observed with treat- Concentrations are expressed in ppmϮSE of the mean of five subjects. *pϽ0.01 (reduction of the concentration for the mushroom extract rinsing condition by analysis of variance). **pϽ0.05 (reduction of the concentration for the mushroom extract rinsing condition by analysis of variance). ***pϽ0.01 (reduction of the concentration over time by analysis of variance). ment. Measurement of methanethiol and allylthiol made at 10 min showed more reduction of the concentration with treatment than without treatment. These analyses show that mushroom extract can effectively suppress the production of methanethiol and allylthiol quickly. Experiment 6. The reducing activity of mushroom extract against methanethiol and allylthiol was measured in the in-vitro environment to investigate the difference of the reaction rate. Figure 8 shows the GC measurement of the amount of the residual thiol compound over time in mixing with polyphenol compounds. Clearly, over the time of the reaction, methanethiol content rapidly decreased and reached 0 in 30 min after mixing. The same tendency was found for the amount of allylthiol monitored. As a control, change of the headspace gas concentration of thiol compound dissolved in distilled water was measured. The amount of thiol compounds decreased little over time. This result indicated that deodorization of the breath odor was significant in the results of the all above experiments mentioned, not because the odorous compounds were dissolved into the aqueous solution, but because mushroom extract had a significant impact on eliminating odorous compounds.
DISCUSSION
VSC content in the mouth consists essentially of hydrogen sulphide, methanethiol and dimethyl sulphide, which has very low threshold, with a distinct unpleasant odor (8) . In the above experiments, halitosis was induced by mouth rinsing with garlic solution. Rinsing results in the generation of a malodor and its VSC content is similar to those arising from the oral malodorous breath (5). Negishi et al. proved the chemical mechanism of deodorization of polyphenol compounds in mushroom extract against methanethiol (15, 27) . Thus, with this mechanism as a hypothesis, the deodorization effect of the mushroom extract against the garlic induced breath odor was demonstrated by way of an electronic sensor, sensory evaluation and GC analysis in in-vivo and in-vitro settings. In experiments 1 to 4, measurement by the sensor and the sensory analysis demonstrated that oral malodor was correlated with the VSC concentration in the mouth and the mushroom extract significantly reduced the malodor. The GC analysis can identify and quantify individual components in the breath sample, even when there is a masking effect by flavored components, which makes it harder to detect the odor by the sensory evaluation. In the experiment 5 and 6, the GC result showed that malodorous breath after rinsing with the garlic solution is caused by the volatile compounds, particularly by thiol compounds. Although individual difference among the subjects was observed, the concentration of thiol compounds was significantly reduced upon rinsing with mushroom extract. Therefore it can be concluded that the results obtained from three different analyses were all correlated. Although the quantity of the garlic used for the sensory evaluation is smaller than that for the electronic sensor and GC, it is due to the sensitivity difference for each analysis that was found in the preliminary experiment.
Although what mechanism might underlie the reduction of volatile sulphur compounds must be investigated further, the main deodorization mechanism may be attributed to the addition reaction of thiol compounds to the polyphenol compounds in the mushroom extract, which results in suppression of volatile sulphur compound production. It is widely known that monophenolic compounds in plants and fruits are hydroxylated to o-diphenols in the presence of oxygen and polyphenol oxidase, and are oxidized to o-quinones (28) (29) (30) . These quinones are subsequently polymerized with other phenolic compounds to cause a browning (31) .
Numbers of studies have demonstrated that conjugating thiol compounds to the o-quinones to form an addition compound can prevent further polymerization reaction and browning reaction (27, (32) (33) (34) . This mechanism has been applied further to study the deodorizing activity of plant and fruit extracts. In green tea, production of methanethiol was found to be suppressed by the methylthio group addition to the oquinone generated from (Ϫ)-epigallocatechin gallate in the presence of the oxygen. Mushroom contains a large amount of polyhydric phenols, mainly γ-L-glutaminyl-4-hydroxybenzene (GHB) in the gill tissue and tyrosine. L-3-(3,4-Dihydroxyphenyl) alanine (DOPA) and guanosine 5′-diphosphate are also present in a small amount (34, 35) .
GHB is known to be involved in melanogenesis in Agaricus bisporus (36) , catalyzed by tyrosinase or phenolase. Tyrosinase is the principal enzyme involved in browning reactions in Agaricus bisporus (37) , which catalyzes hydroxylation of monophenols to form odiphenols and oxidation of diphenols to form o-diquinones in the presence of oxygen. It has been reported that Agaricus bisporus carried a high deodorizing activity toward methanethiol (15) . Conjugated substance 2,5-bis(methylthio)-DOPA was found as a result of the addition reaction of methanethiol to the o-quinone structure produced by oxidation of tyrosine by tyrosinase. Since it is known that tyrosinase hydroxylates GHB into γ-L-glutaminyl-3,4-dihydroxybenzene (GDHB) and then to oxidize GDHB into γ-L-glutaminyl-3,4-benzoquinone during the melanization process of sporogenesis (37, 38) , the same addition reaction as tyrosine can also be speculated for GHB.
For further clarification of the elimination mechanism, the reaction rate formula was calculated for each compound from the result of experiment 6. The reaction rate formula of methanethiol or allylthiol with polyphenol compounds was as follows, respectively: ln[CH3SH]ϭϪ0.6299 tϩ4.2921, ln[C3H5SH]ϭϪ0.5723 t ϩ2.0280.
The value of the reaction rate for methanethiol was smaller than that for allylthiol. That means the reaction of the former proceeds somewhat faster than that of the latter.
For obtaining information affecting this reaction rate difference, we decided to perform ab initio calculation of conjugate additions of methane-and allylthiols to oquinone as the simplest model at the B3LYP/6-31ϩG* level of theory. First of all, HOMO energy levels of these two thiols were obtained as Ϫ6.582 and Ϫ6.649 eV, respectively, which at least qualitatively supported the better reactivity of methanethiol as the Michael donor on the basis of the frontier orbital theory. Computation of the transition states was further carried out for methanethiol addition to the activated protonated o-quinone leading to the formation of intermediates Int-A, Int-B, and Int-C by the attack at its 1, 3, and 5 positions. The mechanism of the reaction and its formation of the intermediates are illustrated in Fig. 9 . It was clarified that attack at the 5 position of the activated carbonyl group was the plausible route because only this process furnished the energetically more stable intermediate Int-C by 0.58 kcal/mol after passing the very low energy barrier of 4.41 kcal/mol. Attack at the 1 and 3 positions, with the activation energy of 3.61 and 12.8 kcal/mol, furnished the products 3.13 and 2.24 kcal/ mol less stable than the substrates, respectively. In the case of allylthiol, reaction at the same site was found to require the higher activation energy by 1.28 kcal/mol. These results at least qualitatively demonstrated the faster reaction of methanethiol rather than allylthiol with mushroom extract, and on the basis of this computation, nucleophilic addition of thiols is expected to occur at the 5 position preferentially while we have not analyzed these adducts in detail after isolation.
Therefore, calculation can deduce that thiol compounds are eliminated by the mechanism of the addition reaction with polyphenols. In the in-vivo experiment, the average concentration of allylthiol was still higher than that of methanethiol for the measurement made at 30 min ( Table 2 ). The result of the calculation could explain why methanethiol decreased faster than allylthiol.
Although further experimental work is needed to determine the precise reaction speed and its pathway, the current studies provided a strong reason to provide the evidence that mushroom extract has a faster and effective deodorization effect against thiol compounds. Since mushroom extract contains a mixture of different chemical compounds, it can be assumed that multiple actions such as physical and chemical interaction between volatile sulphur compounds and other chemical compounds, other than addition reaction, should be involved in elimination of the malodor after garlic ingestion. However, the above calculation suggests that addition reaction of methanethiol and allylthiol to o-quinones, produced from polyphenolic compounds by polyphenol oxidase, can be attributed as the main cause in the elimination mechanism.
